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Abstrak
Sistem komposting windrow adalah metode yang umum digunakan untuk pengolahan limbah 
padat oraganik. Temperatur adalah variabel yang penting dalam pemodelan yang mana dapat 
disimulasikan dengan memperkirakan perubahan keseimbangan panas dari komponen pada setiap 
saat. Energi panas biologis adalah istilah yang paling signifikan dalam keseimbangan panas. Dalam 
tulisan ini pembangkitan panas oleh proses komposting diuji dan dievaluasi dalam penerapannya 
untuk sistem windrow skala penuh. Sampai saat ini keakuratan memprediksi laju degradasi substrat 
telah menjadi tantangan utama. Penggunaan pendekatan induktif berdasarkan ekspresi kinetik orde 
pertama ataupun relasi kinetik empiris telah ditemukan untuk tujuan praktis. Bagaimanapunjuga 
faktor skala koreksi untuk proses dan tipe substrat tertentu mungkin dibutuhkan investigasi lebih 
lanjut untuk perbedaan sempit diantara skala lab dan skala sistem skala penuh.
Kata kunci: Komposting terbuka, keseimbangan panas, panas biologis, model pengkomposan
Abstract
Windrow composting is the most common method for organic solid waste treatment. Temperature 
is an important state variable in modelling, which could be simulated by estimating the change of 
heat balance components at any moment. Biological heat energy is the most significant term in the 
heat balance. In this paper biological heat generation of the composting process are examined and 
their applicability for a full-scale windrow system is evaluated. It is found that, to date, the accuracy 
of predicting the rate of substrate degradation has been a major challenge. The use of an inductive 
approach based on either first-order kinetic expression or empirical kinetics relation was found to be 
more feasible for practical purposes. However a scale-up correction factor for particular processes 
and types of substrate may need to be further investigated to narrow the discrepancies of kinetic 
performances between laboratory and full-scale systems.
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1. INTRODUCTION
Composting is a biological oxidative 
transformation that fulfils several waste 
management purposes such as stabilisation, 
volume reduction and sanitation by thermal 
inactivation of pathogens [1, 2]. To accomplish 
these objectives, understanding the optimum 
condition may not be adequate since there may 
be conflicting variables during the composting 
process [3]. For example the range of temperature 
for optimal organic waste decomposition (40-55°C) 
could be significantly different with the pathogen 
reduction (at above 55°C) [5]. A trade off needs 
to be made to ensure that high the composting 
rate and sanitation may progress concurrently. 
There is a necessity to study explicit dependence 
of the composting rate in a broad range of 
environmental factors to allow better optimisation 
through calculation [3]. Therefore, mathematical 
modelling of the composting process has been 
receiving considerable attention for a wide 
range of purposes, ranging from understanding, 
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describing, predicting, controlling to optimising the 
process [3, 5]. 
Temperature is a state variable that becomes 
a primary concern in composting models. 
Temperature is affected by heat flows resulting 
from temperature gradients. The temperature
-time profile will represent the heat accumulation 
within a Windrow composting system since heat 
generated due to biological activity will be lost to 
the surrounding environment through ventilative 
losses, conduction, convection and radiation 
(CCR) mechanism, and turning/shifting compost 
pile. As a result, there are three states commonly 
found in a composting pile [4]:
Heat Generated > heat lost   ---> temperature 
increases.
Heat Generated = heat lost   ---> temperature static.
Heat Generated < heat lost   ---> temperature 
decreases.
Temperature predictions and simulations within 
a composting process have been reported by [6, 
7, 8, 9 10, 11]. The major differences in these 
models are the assumptions regarding the heat 
transport mechanism, and whether they are in a 
steady or an unsteady state condition, and also 
whether the process is modeled as a lumped or 
distributed parameter. All modelers used a series 
of one or two dimensional numerical calculations 
to reveal the temporal and/or spatial variations of 
the system temperature, whilst three dimensional 
mathematical models have just appeared within 
the past few years [12].
Despite the fact that a number of models 
for composting thermodynamics and kinetics 
have been published and reviewed [13, 14]), a 
standard appropriate model for full-scale Windrow 
composting has not been proposed. Windrow 
composting (i.e. piles with no active aeration) is 
the simplest, and the most common treatment 
method for organic solid wastes (Stentiford, 
1996). However most of the aforementioned 
models were investigated in a laboratory and/or 
pilot scale study using an enclosed space or in 
vessel reactors (e.g. column, bin, container, tray 
or box). Therefore these models may not always 
properly simulate a physical variable profile of 
full-scale open composting system - particularly 
the duration and magnitude of temperature and 
moisture profiles [12] - due to a different physical 
composting environment.  Various assumptions 
and simplifications used in experiments at less 
than full scale are sometimes unable to represent 
many aspects of commercial scale behaviour. 
The set-up of laboratory scale frequently may not 
be directly applicable to a full scale commercial 
facility. An example is the phenomenon of thermal 
inertia during the maturation stage.Self-insulating 
properties of compost materials, in which it 
coupled with microbial heat generation may lead 
to high thermopilic temperatures. Laboratory and 
pilot scale may fail to observe this phenomenon 
since temperature drops dramatically once the 
biodegradable organic matter is consumed [15].
Furthermore, temperature validations of 
simulated models within full-scale systems which 
have appeared in literature show unsatisfactory 
results. To date, there are no models which are 
capable of showing acceptable margins in terms 
of maximum, average, and peak temperature 
discrepancies.  Since the energy generation 
due to microorganism’s activity was found to be 
the most significant term in heat balance, the 
model of predicting biological heat generation is 
of paramount importance.The objective of this is 
to review and to evaluate the conceptual models 
of determining the biological heat components in 
composting process. Models published in literature 
will be classified according to their model building 
strategies, and the discussion will provide a basis 
for developing new and/or improved models for 
full-scale Windrow composting system.  
2. MATERIALS AND METHODS
2.1 Heat balance components
The general heat balance model is based on 
the common laws of physics and thermodynamics, 
which states that total energy can be converted 
from one form into another over time. However it 
cannot be created nor destroyed, thus the sums 
of total energy in a system remain the same. 
Based on Mason’s comprehensive review [13], 
there are several components of heat balance in 
composting models including a) sensible heats 
of the system (accumulation terms); b) radiative 
input, c) sensible heat of dry air, d) sensible heat 
of supplementary water, sensible and e) latent 
heat of inlet water vapour (input terms); f) sensible 
heat of dry exit gas, g) sensible heat of exit water 
vapour, h) conductive and convective loss, i) 
radiative losses, j) latent heat of water evaporation 
(output terms); and k) biological heat generation 
(transformation terms). 
The most significant terms in the heat balance 
for a composting system at full scale have 
been identified as biologically generated heat 
[11] and the latent heat of vaporisation of water 
[10]. In contrast, several components (2, 3, 4, 
6, 7) may be neglected, incorporated into other 
components, or not implicitly distinguished in a 
separate term due to their small contribution in 
outgoing energy analysis. Therefore asimplified 
heat balance component in Windrow composting 
can be presented in Figure 1.
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Figure 1. Heat balance within a Windrow pile
The process within a composting pile is 
aerobic, and the reactions are exothermic thus 
producing heat through biological transformations. 
As a result of the temperature difference between 
the volume unit and its surrounding environment, 
a conductive–convective heat loss occurred and 
radiative flux  can be expected from the surface. 
In order to replenish oxygen, turning a Windrow is 
required on a regular basis, so the materials at the 
edges move into the center of the pile. However 
the Windrow temperature may drop rapidly due, 
to some extent, to heat loss with the outside 
ambient. Assuming sensible heat accumulation 
as the dependent variable, the heat balance in 
Windrow composting may be expressed by the 
general heat balance equations. 
2.2 Biological heat generation
Biological heat generation is strongly associated 
with the rate of substrate degradation. Therefore 
it is necessary of having kinetic models that 
appropriately represent time-dependent behavior 
of microbial activity within the system. The rate 
of substrate degradation   may be influenced by 
various process variables which have interrelations 
on time dependence. Thus several critical 
variables such as temperature, microbial group 
populations, and types of substrate, availability of 
water, oxygen concentration and inhibitors may be 
used as correction factors. In general, there are 
two strategies to model the composting kinetics. 
Seki and Shijuku, 2012 [21, 22] have recently 
introduced a non-biological kinetics model of 
estimating the heat generation rate by measuring 
the temperature changes during the composting 
process. Considering that the results of microbial 
activity is the most significant term of energy 
input, the heat generation rate calculated with 
this method may refer to biological heat. However 
this method may be not applicable as a basis for 
developing temperature simulation models, since 
the temperature changes considered as input 
variables. 
 
3. RESULTS AND DISCUSSION
3.1 Evaluation of Three Different Models
The wide range approaches of determining 
biological heat may leave a big questionmark as 
to the extent of the differences. To investigate 
the theoretical outcomes, three composting 
models were selected, the first one [23, 24] as a 
representative of first-order models, the second 
one [15, 25] as a representative of empirical 
kinetics determination and the third [26] as 
a representative of Monod-type models. For 
simplification, it is assumed that initial temperature 
is 20°C, then rises gradually due to biological 
heat generation. There is no energy dissipated, 
oxygen and moisture content are constant during 
the first 12 hours of composting process. The 
aeration is sufficient, and thus there is no inhibitor 
accumulation 
Identical operating conditions were used as 
shown in Table 1. The organic matter degradation 
(manure) proceeds according to the following 
reaction:
C22H37O5N3 + (33/2) O2 C5H7O2N+ 12 CO2 
+10 H2 + NH3 ........................................ ......(1) 
 
The reaction rate coefficients are corrected 
based on formulas given in Table 2. Figure 2 
shows the simulation of theoretical biological heat 
based on three difference methods in 12 hours. It 
can be seen that at the first 18000 s, the Monod
-expression kinetics gave the highest values in 
the ranges of 29-40 J/s, followed by the first-order 
and empirical kinetics in the ranges of 20-32 J/s 
and 18-24 J/s, respectively. As a consequence, 
the Monod-expression reached the temperature 
of 30°C earlier than first-order and empirical.
The first order model yields the fastest rate of 
increment and, at about 30.000 s, it exceeds the 
Monod-expression model.  Although the Monod
-expression model reaches the thermophilic 
phase (40°C) earlier, however, the rate of first 
order reaction is much faster than the Monod
-expression. The empirical kinetics show the 
slowest rate of reactions from the beginning 
to the end (43200 s or 12 h reaction), and the 
estimated heat also gives the smallest values 
during this period. Once the first order kinetics 
reached the thermophilic phase at about 36000 
s, the simulation showed greater degrees of 
discrepancies. First order substrate degradation 
increased dramatically with the value at above 
70 J/s, whilst Monod-type and empirical kinetics 
at approximately 60 and 35 J/s, respectively.
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Table 1. State variables and constant used in the models
Table  2. Reaction rate coefficient correction factors
3.2 Model Application
In practice, some limitations appeared in all 
approaches. When the heat generation is 
estimated by the first order assumption; the kinetic 
parameters of waste degradation (k) were 
determined in a laboratory-scale. Then this 
parameter is applied into model to predict the full
-scale behaviour of composting systems. Baptista 
et al. 2012 [2] found that the kinetic rate of waste 
degradation in full-scale systems, which is 
proportional with metabolic heat generation, is 
much lower than laboratory-scale studies. It is 
shown that the kinetic performance of laboratory
-scale studies is, on average, 5.7 times faster than 
commercial level. Moreover, the other data show 
that the chicken manure composting model 
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simulates characteristics well over a short time 
period (approximately 3 days). 
Figure 1. Comparisons of biological heat 
generation.
In the case of yard waste the model is applicable 
over a much longer period once the peak activity 
has been reached [26]. After such a period the 
rate coefficient may need to be adjusted in order 
to reflect the changes in waste composition. In 
the case of empirical kinetics model, the poultry 
manure composting experiment of Petric and 
Selimbašić, 2008 [15] shows that the model is 
under-predicted over a short  time (over the first 24 
hours), but the model is more applicable at peak 
and longer time. Therefore the Monod approach 
may also have some drawbacks to be applied on 
a broader basis for mixed and variable microbial 
composting populations, due to difficulties in 
parameter estimation. Monod-type models require 
an estimate of initial microbial mass [27, 28], 
usually use the values of kinetic parameters from 
available literature, which in most of the cases 
[29, 30] are not calibrated. Moreover models 
incorporating Monod-type expressions are found 
to be less successful in simulating the profiles of 
the temperature (Mason, 2006).
4. CONCLUSIONS
The accuracy of predicting the rate of biological 
heat is still a major challenge. The use of an 
inductive approach of determining degradation 
rate based either on first-order kinetic expression 
or empirical kinetics relation is more feasible for 
practical purposes. For first order kinetics, scale
-up correction factors for particular processes and 
types of substrate may need to be developed to 
narrow the discrepancies of kinetic performances 
between laboratory and full-scale systems. In 
addition, the method of updating the rate constant 
based on the changes in waste composition 
into account need to be investigated.  Whilst, 
empirical kinetics models are less universal in 
nature, however, this method is advantageous 
for waste-/ site-specific composting plants.The 
major problems associated with Monod-type 
expressions are the large numbers of operation 
parameters. The increase in parameters may 
result in an increase in the uncertainty of the 
prediction.  However this does not mean closing the 
opportunity to apply Monod-kinetic based energy 
generation into commercial scale. If a standard 
protocol for composting studies at laboratories 
scales, especially the method of determination 
operation parameters were developed the 
problems associated with the uncertain accuracy 
of the parameters in the mechanistic model would 
be diminished. The parameters may be calibrated 
and more adoptable for broader applications. 
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